Multidimensional nonlinear coherence spectroscopy based on spectrally resolved femtosecond 2-colour 3-pulse photon echo measurements has been used to investigate the carrier dynamics and energy structure of porous silicon -an indirect band gap material. Short times are found for electron localization (~ 500 fs) and electron hopping (~ 3 ps), which are dependent on the porosity of the sample. A spin-orbit energy splitting for the conduction and valence band can be deduced.
INTRODUCTION
Semiconductor quantum structures such as quantum wells, quantum wires and quantum dots have been a hot topic in materials science for the last two decades. The efficient emission of light from porous silicon (PS) [1] and silicon nanostructures [2] , involving quantum confinement effects, has recently attracted considerable attention. Light emitting PS is potentially very attractive because such nanostructures can be fabricated without the use of expensive techniques such as photolithography or molecular beam epitaxy and because silicon is the most technologically important material known to mankind. Light-emitting silicon devices could result in a new generation of silicon technology, from microelectronics to optoelectronics.
Conventional time resolved measurements such as transient absorption spectroscopy [3] are not able to be used to study an indirect band gap material such as PS, and time resolved photoluminescence [4] can only be used to study long lifetime carriers of PS [1] . In particular, it is not easy to identify the wavelength ranges over which the absorption and the related emission take place because the band gap is indirect. The use of multiple pulse femtosecond coherence spectroscopy [5] can overcome these problems because the signal is generated when the multiple pulses interact with the same states or with coupled states [5] [6] [7] , which allows separation of the homogeneous and inhomogeneous broadening of the system and the determination of the dynamics of the excited carriers on a very short time scale.
In this paper we report the use of spectrally resolved femtosecond 2-colour 3-pulse photon echoes (PE) as a potentially powerful multidimensional technique for studying the optical properties and carrier dynamics of the indirect band gap semiconductor system porous silicon. The control of two independent time delays, between the first and second pulses t 12 and between the second and third pulses t 23 , reveals the dynamics of the coherence and population ensembles, respectively, and allows separation of the contributions from homogeneous and inhomogeneous broadening. Furthermore, the wavelengths of the pump and probe pulses can be independently chosen to drive particular quantum pathways and to study the dynamics of the electron and hole systems. With this technique more than three degrees of freedom can be controlled independently to provide detailed information about the energy structures and dynamics of the charge carrier systems.
II. EXPERIMENTS
The spectrally resolved femtosecond 2-colour 3-pulse photon echo measurements were carried out using three sequential ultrashort pulses with duration ~ 100 fs and wavelengths in the visible region 550-650 nm, where the socalled "S-band" luminescence of PS has received the most attention [1] . The two pump pulses have wave vectors k 1 and k 2 and the same wavelength 1 = 2 , and the probe pulse has wave vector k 3 and wavelength 3 , which can be shorter or longer than the pump pulse. The first pulse excites the PS wire to generate electrons and holes in the band or in the trap levels with certain phase information. After time t 12 the second pulse interacts with the system of excited electrons and holes and the phase information of the electron and hole system is stored in the population distribution of the electrons and holes which depends on the position of the carriers among the energy levels. This phase and population distribution in frequency space gives rise to a frequency-modulated transmission spectrum of the sample. The frequency of this modulation is dependent on the time separation (t 12 ) of pulses k 1 and k 2 , which is called the coherence time. The third pulse interacts with the population distribution at time t 23 to take the system back into a superposition of the ground and excited states, and a nonlinear signal is generated in the phase-matching directions k 4 
When the first and third interactions create optical coherences having the same phase or when the system is a "pure" homogeneously broadened system a free induction decay signal is generated which carries information about the dephasing of the excited carriers. When the phases of the optical coherences created by the first and third interactions are opposite, the system rephases and a photon echo signal is generated at positive delay times near t 12 after the third pulse interaction [7] . Figure 2 . Spectra of the nonlinear signal in the k4 direction versus population time t23 with fixed coherence time t12 = 0 and 3 = 575 nm for: a) sample with 70% porosity and 1 = 2 = 560 nm; b) sample with 48% porosity and 1 = 2 = 560 nm; c) sample with 70% porosity and 1 = 2 = 590 nm; d) sample with 48% porosity and 1 = 2 = 590 nm. The signal intensity at 750 nm with a spectral window of 2 nm is displayed in A) for the case in Fig. 2a and 2b and B) for the case in Fig. 2c and 2d.
The ultrafast pulses are produced by two independently tuneable optical parametric amplifiers (OPAs) in a sum frequency generation option (100 fs, 500-650 nm, 1-30 J) and pumped by 1 mJ pulses (80 fs, 800 nm, 1 kHz) from a regenerative amplifier. The output of one of the OPAs is split into two beams, which act as the pump pulses (k 1 and k 2 ), and the output of the second OPA acts as the probe pulse (k 3 ). Three beams with time delays t 12 (between pulses k 1 and k 2 ) and t 23 (between pulses k 2 and k 3 ) are aligned in a triangular configuration and focussed by a 20 cm focal length lens into a single spot with diameter 300 m in which the sample is placed [5] . The energy density of each pulse is about 5 J/cm 2 at the sample spot. The signal is diffracted from the sample in the phase-matching directions k 4 and k 5 , which are detected simultaneously by a spectrometer equipped with double CCD arrays and having a spectral resolution < 1 nm. The spectra are measured over a range of different fixed coherence times t 12 or population times t 23 by scanning the other delay time t 23 or t 12 , respectively. The samples under investigation are meso-porous silicon with porosities of 48% and 70%.
III. RESULTS AND DISCUSSION Figure 1 shows the spectra of the nonlinear signals detected in the k 4 direction with t 23 = 0 for different coherence times t 12 . The wavelength of the probe pulse is 575 nm and the wavelength of pump pulse is 560 nm or 590 nm. Similar evolutions of the signal spectrum with slight variations of the negative time t 12 < 0 are obtained for a range of fixed t 23 from -120 fs to 120 fs. For t 12 < 0 the pulse sequence is k 1 , k 2 , k 3 and the observed signal is a photon echo, while for t 12 > 0 the pulse sequence is k 2 , k 1 , k 3 and the signal is generated by free induction decay (FID) [5, 7] . When the energy and population relaxation times are much longer than the dephasing time the FID signal reflects only the dephasing of the optical transition and not the temporal evolution associated with the energy or population relaxation processes in the sample. The photon echo signal is expected to be more sensitive to redistribution of the excited carriers because the signal generation involves rephasing processes.
To briefly understand the linear and nonlinear optical response of a system with homogeneous and inhomogeneous broadening we can describe the induced polarization, which decays exponentially with dephasing time T 2 , in frequency space for a homogeneously broadening system as a Lorentzian function:
where f is the oscillator strength, = 1/T 2 is the linewidth, and 0 is the centre absorption frequency. Any optical system will produce a nonlinear response if one or more of such parameters (f, , 0 ) is changed by interaction with the laser pulses [8] . For an inhomogeneously broadened system the induced polarization can be taken to be the sum of several Lorentzians.
When the laser pulses interact with an inhomogeneously broadened system the shape of the observed spectrum is time-dependent because the result of the interaction of the laser pulses for each transition mode is different. When the wavelength of the pump pulse is shorter than that of the probe pulse (Fig. 1a and b) a broadening of the photon echo spectrum on the long wavelength side for negative delay t 12 and an asymmetric time profile for certain detected wavelengths is observed. The decay of the signal at the centre of the probe wavelength of 43 fs (for sample with 40% porousity) and 45 fs (for sample with 70% porousity) for negative t 12 may be used to deduce the effective dephasing time T 2 from 1/T 2 =1/T 1 + 1/T 2 * [7, 9] , where T 1 is the carrier lifetime and T 2 * is the "pure" dephasing time. Similar results are obtained when the probe wavelength is tuned to 590 nm and the pump wavelength to 575 nm or 605 nm. In all cases a photon echo peak shift, which is defined as the shift of the photon echo maximum when t 12 = 0 [10] , is not observed. The photon echo peak shift has previously been used to study the dynamics of inhomogeneously broadened systems [10] , but when the inhomogeneous broadening is large, which is the case for PS with a large distribution of wire sizes, a peak shift is not observed because of the very fast decay of the photon echo signal due to interference of a large number of the transition modes. Broadening of the photon echo spectrum for the case of a longer probe wavelength is possible when free holes exist in the system and the ensemble of excited electrons is moving toward the band edge as shown in the inset A of Fig. 1 . Such movement of the excited electrons is not possible when the wavelength of the probe is shorter than that of the pump (see inset B of Fig. 1 ). The existence of free holes in meso-PS is a result of the use of heavily doped p-type Si and the doping impurities are not removed during the electrochemical formation process [11] . Figure 2 shows the photon echo spectra versus population time t 23 with fixed t 12 = 0 in the first 1 ps which is similar to the echo spectra for fixed t 12 = ± 40 fs but with smaller intensity. Clear oscillations can be seen in both cases. When the laser pulses span or partially span two (or more) transitions with frequencies i , j , different quantum pathways can be involved in the interaction of the system with the laser pulses, resulting in interference, and the time-integrated signal versus delay time t 12 or t 23 can exhibit oscillations (or quantum beats) at the difference frequency = i -j . In a spectrally resolved measurement, the photon echo signal is detected for those transitions with frequencies equal to the detection frequency of the monochromator D . For the case of coupled oscillators there can be multiple quantum pathways having different initial ( i ) and final frequencies ( j ) that lead to the same detection frequency D . The different quantum pathways have different initial frequencies after the second interaction and hence a relative phase difference can evolve between them given by ( )t 12 . This phase difference gives rise to quantum beats at frequency in the photon echo signal as a function of t 12 and t 23 . The beating is present for the duration of the population time [9] . In a spectrally resolved measurement the detection frequency is sharply defined and the beating is more clearly visible because of the smaller number of contributing beat frequencies. From the beat frequency one can deduce the energy splitting of the coupled transitions.
In all cases an energy splitting of 4-5 meV is observed which is close to the singlet-triplet splitting of a silicon crystal (6 meV [12] ) or the spin-orbit splitting of the conduction band of porous silicon quantum wire (3-7 meV [12] ). Splittings of 18 meV and 22 meV are deduced for the sample with 48% porosity and 21 meV and 28 meV for the sample with 70% porosity. This energy splitting is related to the spin-orbit splitting of the valence band, which is around 20-35 meV [12] .
When the wavelength of the pump is shorter than that of the probe the rise time (i.e., the time for the signal to reach its maximum) is longer (by up to 500 fs) for the sample with high porosity (70%), as seen in Fig. 2a and 2A for the case of a pump wavelength of 560 nm and probe wavelength of 575 nm. Similar results are obtained when a pump with wavelength 575 nm and a probe with wavelength 590 nm are applied. The observed rise time represents the time for localization of the excited electrons in the conduction band (Fig. 1A) .
For long scans of the population time (up to 10 ps) two components are observed, one with a short decay time (~ 3 ps) and the other with a very long decay time (> 100 ps) (Fig. 3) . The contribution of the short decay time component is large for the low porosity sample and very small for the high porosity sample. The contribution of this decay component is much larger when the pump wavelength is shorter than the probe wavelength (Fig. 3b) , which reflects the time for electron hopping among the localized states. In the low porosity sample the time for electron hopping is shorter (probability is higher) because the number of surface states where the carriers are localized is smaller than for the high porosity sample. The observed signal versus population time provides the following picture for the excited carrier dynamics: in the first picosecond after excitation the photon-created carriers (mostly electrons) are trapped in localized states. The free holes are excited in the meso-PS that may be trapped in surface states [13] . The electrons hop among the localized states and are finally lost by non-radiative recombination. In contrast with micro-PS where the carrier hopping is absent [13] , the hopping of excited electrons in meso-PS occurs on rather short time scales (~ 3 ps), which leads to very weak luminescence from the meso-PS.
IV. CONCLUSIONS
Spectrally resolved 2-colour 3-pulse photon echo spectroscopy provides a potentially powerful multidimensional technique for studying carrier dynamics of an indirect band gap material such as porous silicon on a femtosecond time scale. The large number of available degrees of freedom in scans of the time delays and the wavelengths of the laser pulses allows one to separate and extract certain specific types of spectroscopic information in complicated systems. The use of different colours for the pump and probe pulses allows the separation of the dynamics of the electrons and holes. The time (and spectral) evolution of the photon echo signals also allows the resolution of different quantum beat frequencies corresponding to different selected energy splittings.
